We have examined the dissociation of NMeCys7] 
INTRODUCTION
[N-MeCys3,N-MeCys7]TANDEM (Figure la) is a synthetic derivative of the quinoxaline group of antibiotics that includes echinomycin and triostin A [1] . These compounds contain an octadepsipeptide ring to which are attached two quinoxaline chromophores, and they bind to DNA by bifunctional intercalation [2, 3] . The naturally occurring compounds, which are potent anti-tumour agents, contain four N-methyl substituents on the cysteine and valine residues, whereas the synthetic compounds, TANDEM and [N-MeCys3,N-MeCys7]TANDEM, lack four and two of these methyl groups respectively. Footprinting [4, 5] , n.m.r. [6, 7] and X-ray crystallography [8] [9] [10] have shown that echinomycin and triostin bind selectively to the dinucleotide CpG; this has been explained by the formation of hydrogen bonds between the alanine NH of the ligand and guanine N-3, and between alanine CO and guanine 2-NH2 [6] [7] [8] [9] [10] . In contrast, TANDEM and [N-MeCys3,NMeCys7]TANDEM bind best to AT-rich DNAs [11] . Footprinting [12] [13] [14] [15] and NMR [16] [17] studies have shown that they are selective for the dinucleotide TpA. The affinity for TpA is much stronger when this dinucleotide is surrounded by AT basepairs [12, 13] , and the binding to poly(dA-dT) is highly cooperative [11] . Although the molecular basis of this recognition has been less well characterized, it appears to involve hydrogen bonds between alanine NH on the ligand and adenine N-3 [16, 17] ; recognition of CpG is no longer possible, since the alanine CO groups are involved in intramolecular hydrogen bonds to the valine NH groups [18] .
Kinetic experiments using SDS sequestration demonstrated that, while the dissociation of echinomycin and triostin from synthetic DNAs, such as poly(dG-dC), is described by a single exponential decay, dissociation from natural DNAs requires several exponential terms [19, 20] . This complexity was explained by suggesting that it represented the parallel dissociation of the ligand from different classes of binding sites with individual from ATAT. We found that the stability of complexes with isolated TpA steps decreases in the order ATAT > TTAA > TATA. Dissociation from each of these sites is much faster than from longer regions of (AT).. These results confirm the requirement for A and T base-pairs surrounding the TpA step and suggest that the interaction is strongest with regions ofalternating AT, possibly as a result of its unusual structure. The ligand dissociates more slowly from the centre of (AT). tracts than from the edges, suggesting that variations in dissociation rate arise from sequence-dependent variations in local DNA structure. microscopic rate constants, the longest of which displayed a halflife of about 15 min. There have been few studies on the dissociation kinetics of the synthetic analogues. SDS sequestration revealed that the dissociation of TANDEM from natural DNAs was faster than echinomycin or triostin A and that only the slowest component could be resolved by simple mixing techniques [21] . In contrast, dissociation from poly(dA-dT), to which the ligand binds co-operatively, was much slower, confirming the preference for surrounding AT base-pairs. Although this dissociation was completely described by a single exponential decay, the time constant varied according to the starting ratio of ligand to DNA, becoming longer at higher levels of saturation [21] . This again reflects the co-operative nature of the interaction.
We have recently developed the footprinting technique for examining the kinetics of dissociation of sequence specific ligands from individual DNA-binding sites [22] . In this technique a complex between the ligand and a radiolabelled DNA fragment is dissociated by adding a vast excess of unlabelled calf thymus DNA. Aliquots are removed from the dissociation mixture at various times after adding the competitor DNA and are subjected to DNAse I footprinting. The dissociation is revealed by the rate of disappearance of the footprinting pattern. In the present study we have used the modified footprinting technique to examine the dissociation of [N-MeCys3,N-MeCys7]TANDEM from TpA sites in both natural and synthetic DNA fragments.
MATERIALS AND METHODS Chemicals and enzymes
[N-MeCys3,N-MeCys7]TANDEM was prepared as previously described [13] . Since this drug is only sparingly soluble in aqueous systems, it was stored as a 2 mM stock solution in dimethyl sulphoxide and diluted to working concentrations in 10 mM Tris/HCl, pH 8.0, containing 10 mM NaCl immediately before I To whom correspondence should be addressed. use. The final concentration of dimethyl sulphoxide was always less than 50% (v/v) and had no effect on DNAse I digestion.
DNAse I was purchased from Sigma, and stored as previously described [4] .
DNA fragments
The tyrT DNA fragment ( Figure I b) was prepared from plasmid pKMA-98 as previously described [4, 12] , by digesting with EcoRI and AvaI and labelling at the 3'-end of the EcoRI site with [a-32P]dATP using reverse transcriptase. The preparation of plasmids containing the synthetic DNA inserts has been previously described [23, 24] . In each case the inserts were cloned into the SmaI site of pUC 19 A similar effect can be seen at 37°C, except that the pattern changes more quickly. Bands sites and suggested that the binding preference was TATA > ATAT > TTAA. It can be seen that the footprint with ATAT persists for about 2-5 min after adding the unlabelled DNA. In zero-time lanes in Figure 2 as In the track labelled 'Eq' the labelled and unlabelled DNA were mixed betore adding the ligand, and represents the true equilibrium distribution ot the ligand in the dissociating mixture. [25] . In contrast, dissociation from poly(dA-dT) was completely described by a single exponential, though the time constant varied according to starting ratio of ligand to DNA, becoming slower at higher levels of saturation. This extrapolated to time constants of about 50 s at very low occupancy, compared with 600 s at saturation. The dissociation that we observe from blocks of (AT). (greater than 30 min) is comparable with the dissociation from poly(dA-dT) at high levels of occupancy, while the dissociation from isolated ATAT sites is more closely related to the dissociation rate measured at low levels of occupancy. It should be noted that the DNA concentration in the present experiments is vanishingly small (nanomolar), so that the interaction is limited by the binding constant, whereas the previous work used much higher DNA concentrations (500 ,uM) so that binding was limited by stoichiometry. TANDEM binds to poly(dA-dT) with an association constant of about 1 x 107 M-1 [11, 13] ; as a result, the (AT). sites should be fully saturated under the starting conditions in the footprinting experiments.
Another problem with SDS sequestration, and one which is obviated in the present experiments, is that the detergent makes a significant contribution to the ionic strength (2 % SDS 0_ I.08). Both the binding strength and co-operativity in the interaction of TANDEM with poly(dA-dT) decrease at elevated ionic strength [13] . Although the present study, using footprinting methods to observe the dissociation, provides a less rigorous estimate of the rate constants, it has two clear advantages. Firstly, it does not suffer from any artefacts that might be caused by addition of the solvent. Secondly it can be used to examine the dissociation from individual binding sites within mixed sequence DNAs which contain several binding sites within different sequence environments.
Co-operativity
The result with fragments containing blocks of (AT). suggest that [N-MeCys3,N-MeCys7]TANDEM dissociates more slowly from the centre of these regions than the edges. This cannot be explained on the basis of different tetranucleotide sequences, since every TpA step in (AT)5GC(AT)5 and (AT)10CCCG(AT)10 is in the context ATAT. In addition, dissociation from the isolated ATAT sites in the tyrT DNA fragment and the dodecamer insert is similar to that from the edges of the (AT). tracts. The stronger binding to the centre of (AT). tracts could have several explanations. First, co-operativity might arise from interactions between ligands bound to adjacent sites. Secondly, drug binding may perturb the DNA helix in such a way that the binding of further ligands is facilitated. Thirdly the structure of (AT),, which is known to be unusual [26] , may vary along its length, even in the absence of added ligand, and the drug binding simply reflects and exaggerates these differences.
